We have investigated the morphogenesis of human and murine cytomegalovirus by 2 transmission electron microscopy after high-pressure freezing, freeze substitution 3 and plastic embedding. We could observe large tubular infoldings of the inner 4 nuclear membrane which were free of lamina and active in primary envelopment 5 and subsequent transport of capsids to the nuclear periphery. Semi-quantitative 6 determination of the enlarged inner nuclear membrane area and the location of 7 primary envelopment of nucleocapsids demonstrated that this structure represents a 8 virus induced specialized membrane domain at which the particles are 9 preferentially enveloped. This is a previously not described structural element 10 relevant in cytomegalovirus morphogenesis. 11 (17). The morphogenesis of herpesviruses is a complex process involving 3 multiple interactions between viral and cellular components, especially membranes, and 4 thus is of high interest for both virology and cell biology. The step-wise assembly of the 5 virion has been studied extensively in alphaherpesviruses (11, 12, 20, 22). However, 6 much less is known about the morphogenesis of cytomegaloviruses (CMVs) (3, 13). 7
MCMV-infected 3T3 fibroblasts by intersection counting using a square lattice grid of >4 1 infected nuclei on >5 thin sections in 3 experiments each (4, 9). The budding events were 2 counted in the same samples. 3 4
In both MCMV-and HCMV-infected cells we could observe membranes inside the 5 nuclei which were associated with nucleocapsids and active in their primary envelopment 6 ( Fig. 1 and 4A, respectively) . In MCMV infected cells various budding intermediates of 7 capsids were visible, including fully enveloped lumenal particles ( Fig. 1A and B) . In thin 8 sections these membranes were frequently connected with the inner nuclear membrane 9
( Fig. 2A and B) . These membranes represent tubular infoldings of the inner nuclear 10 membrane and their lumen is continuous with the perinuclear space. The infoldings 11 possessed a complex tubular and sometimes branched structure with total lengths of up to 12 3 µm and variable diameters up to 400 nm ( Fig. 2A) . In contrast to the unmodified inner 13 nuclear membrane they appear free of lamina (Fig. 2B, dotted lines) , which is essential 14 for their accessibility by the nucleocapsids in order to allow budding. In contrast to 15 previous publications on pseudorabies virus morphogenesis (12), we very rarely found 16 budding intermediates at the nuclear periphery, but almost exclusively at the infoldings 17 (Fig. 1A) . To exclude the possibility that this observation was based on an unspecific 18 effect due to the enlargement of the inner nuclear membrane area, a stereological 19 estimation of the surface ratio of infolded vs. peripheral inner nuclear membrane was 20 performed and combined with a statistic of the location of the primary envelopment 21 (Table 1) . The intersection counting on infected nuclei revealed that the infolded inner 22 nuclear membrane represented 4.8 % (n = 1347) of the total inner nuclear membrane 23 area, while 86 % (n = 122) of the nucleocapsid budding profiles were located to it. 1 Additionally, 93 % (n = 133) of the primary enveloped capsids were observed in the 2 lumen of the infoldings compared to the peripheral perinuclear space, which suggests an 3 immediate fusion with the outer nuclear membrane at the stem of the infoldings. 4
A C C E P T E D
Interestingly, this massive structural alteration of the inner nuclear membrane had no 5 visible effect on the integrity or shape of the outer nuclear membrane or the nuclear shape 6 in general. Also the nuclear pores appeared normal and not disrupted as published for 7 bovine herpesvirus-1 (26). In this context it was surprising that in our samples we never 8 found primary enveloped virions in the process of fusion with the outer nuclear 9 membrane, only cytoplasmic capsids in close proximity to the nucleus (Fig. 3A) . 10
Comparison of HCMV (AD169) and MCMV nuclear egress in the two fibroblast systems 11 showed some differences in appearance in spite of the high genomic sequence similarity 12 of the two viruses. We observed that electron dense material between the capsids and the 13 primary envelope, the putative primary tegument, is better visible in HCMV than in 14 MCMV virions (Fig. 4A) . Additionally, in MCMV infected 3T3 the budding at the 15 infolded inner nuclear membrane was exclusively initiated by C-capsids ( Fig. 1 and 2A) , 16 while in HCMV infected HFF also enveloped B-capsids could be observed in the lumen 17 of the infoldings (Fig. 4A) . Accordingly, in the cytoplasm of the HCMV infected 18 fibroblasts a significant amount of tegumented and fully enveloped B-capsids was 19 observed, while in MCMV infected cells capsids outside the nucleus were almost 20 exclusively loaded with DNA (Fig. 3B) . Additionally, MCMV did not form any dense 21 bodies (Fig. 3B) in contrast to the high number seen in HCMV AD169 infected cells 22 (Fig. 4B) . 23 process, their results should be applied to cytomegaloviruses with caution, since the 6 sequence homology is only partial and the coding capacity of cytomegaloviruses is 7 significantly larger. Interestingly, the homology of the proteins involved in the initial 8 steps of nuclear egress is relatively high but decreases for later events. In secondary 9 tegumentation and envelopment very few homologies are known, e.g. in the innermost 10 tegument and the glycoproteins (11) . Most models of herpesvirus morphogenesis rely on 11 TEM data acquired by chemical fixation of cell cultures that has been shown to induce 12 several artifacts (2, 16, 24). In recent years cryo-fixation methods have been established 13 for routine use and now represent a state of the art of biological specimen preparation for 14 electron microscopy (6). With cryo-fixation by high-pressure freezing, a sample, such as 15 infected cultivated cells, can be fixed from a defined physiological state within 16 milliseconds (14) . In this study we used high-pressure freezing followed by freeze 17 substitution and plastic embedding, which allows us to obtain ultra-thin sections of cryo-18 fixed samples that are almost not beam sensitive and reveal high contrast of membranous 19 structures (25). An even more native state could be achieved by directly imaging the 20 frozen samples in the cryo-TEM (reviewed by (1)). With this method, however, native 21 cryo-sectioning of adherent cells would be very difficult and in addition, cryo-sections 22 are very sensitive to beam damage, so that the samples have to be imaged at low-dose 1 conditions, which decreases the signal to noise ratio. 2 3

We were able to preserve large invaginations of the inner nuclear membrane reaching 4 lengths of few micrometers and diameters of up to several hundreds of nanometers (Fig .  5 2A and B). This additional intranuclear membrane surface was highly and specifically 6 involved in primary envelopment of CMV nucleocapsids as estimated by statistical 7 analysis of MCMV infected cells ( Table 1 ). Smith and de Harven, 1973 (21) also showed 8 modifications of the nuclear membranes connected to nuclear egress on chemically fixed 9 samples, but these were not regarded as a crucial step in the morphogenesis. Also in 10 human herpesvirus-6 infected cells, a further modification of both nuclear membranes 11 was observed and termed tegusome (19). The main differences between our infoldings 12 and the tegusomes are that the latter are limited by a double membrane and their lumen is 13 equivalent to the cytoplasm, while the infoldings described here are single-membraned 14 and the lumen is continuous with the perinuclear space. 15
16
In contrast to previous reports and the widely accepted pathway of herpesvirus nuclear 17 egress we rarely found capsids budding at the nuclear periphery but instead very 18 frequently at the infoldings. It has been reported that in MCMV cellular kinases are 19 punctually recruited to the inner nuclear membrane by a complex of M50/M53, thus 20 triggering the depolymerisation of the nuclear lamina (15). We propose that this process 21
is not responsible for the formation of individual budding sites for nucleocapsids but 22 instead allows the formation of the observed membrane infoldings that allow CVM 23
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at Penn State Univ on February 7, 2008 jvi.asm.org Downloaded from primary envelopment (Fig. 5) . This hypothesis is supported by the observation that the 1 reported recruitment of kinases occurs at approximately 10-15 points inside the nucleus 2 (15), which is comparable with the frequency of invaginations we have observed in the 3 TEM (Fig. 1A) . The proposed mechanism has advantages over a budding at the nuclear 4 periphery. Firstly, the formation of the infoldings leads to an increase of inner nuclear 5 membrane surface area which is free of lamina and thus is fully accessible for 6 nucleocapsids to undergo primary envelopment (Fig. 1) . Secondly, inside the tubular 7 infolding the transport is directed along the tubule, since it is continuous with the 8 perinuclear space, and not hindered by obstacles (e.g. chromatin). It can be expected that 9 this mechanism enhances the efficiency of the transport of the primary enveloped capsids 10 to the nuclear periphery, where they probably fuse with the outer nuclear membrane. 11
Thirdly, the observation that the density of the nuclear lamina appears only reduced at the 12 stem of the infoldings while it is still visible at the nuclear periphery (Fig. 2B, dotted  13 lines) has the consequence that the outer nuclear membrane is structurally unaffected and 14 the overall stability of the nucleus is retained. Interestingly, we never found primary 15 enveloped virions in the process of fusion with the outer nuclear membrane. There are 16 two possible explanations for this phenomenon: i) Fusion intermediates are very short-17 lived stages and more than one order of magnitude faster than the budding process. In this 18 case at a given time point the total number of fusion profiles is very low and thus it is 19 very improbable to observe such a profile in a thin section (60 -80 nm thickness). 20
Additionally, if fusion occurs within a few milliseconds, it might even be impossible to 21 retain it, since it would be in the range of the immobilization time of the freezing process. We favor the first explanation because primary enveloped CMVs (Fig. 1B and 4A ) 3 possess a less dense tegument than mature virions and the vast majority of the enveloped 4 virions in the cytoplasm are heavily tegumented as expected for secondary tegumentation 5 and envelopment. 6 7 In summary, the advantages of high-pressure freezing followed by freeze-substitution 8 and plastic embedding are optimal for the visualization of short-lived and labile 9 membrane structures in virus morphogenesis (5). As shown previously, the addition of 5 10 % of water to the substitution medium enhances the visibility and retention of the cellular 11 morphology, especially of membranes (25). 12 Table Legends  1   2   Table 1 : Statistical analysis of MCMV primary envelopment at infolded inner 3 nuclear membranes. The budding profiles at the infolded vs. peripheral inner nuclear 4 membranes and the location of primary enveloped virions were counted in MCMV 5 infected 3T3 fibroblasts (absolute numbers). For direct correlation, the ratio of infolded 6 vs. peripheral inner nuclear membrane surface was estimated on the same samples by 7 counting the intersections of the inner nuclear membranes with a square lattice grid 8 (absolute numbers). Connecting these two statistics shows that 86 % of nucleocapsids 9 bud at infoldings, which only constitute 4.8 % of the total inner nuclear membrane 10 surface. In agreement with our model that the fusion with the outer nuclear membrane 11 occurs immediately at the stem of the infoldings we also found 93 % of the primary 12 enveloped virions in the lumen of infoldings and only 7 % in the peripheral perinuclear 13 space. INM, inner nuclear membrane; PS perinuclear space. 14 15 Tables  16   17   budding 
